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Introduction {#sec1}
============

Currently, more than 40 diseases are known to be caused by expanded microsatellite repeats at specific locations in the genome. Unaffected individuals have genetically stable repeat tract lengths below a certain threshold while the expanded repeats display an unstable character. Of the 43 repeat diseases, 16 are caused by expansions of CTG/CAG repeats, including myotonic dystrophy.[@bib1]

Myotonic dystrophy type 1 (DM1 \[MIM: [160900](160900){#intref0010}\]) is a multisystemic autosomal-dominant disease, showing a continuum of disease severity and ages of onset. DM1 mainly affects neuronal and muscular systems, where myotonia, muscle wasting, cardiac conduction defects, respiratory problems, and cataracts are among the most common symptoms. The profound genetic anticipation observed in DM1-affected families has been explained to arise by the inheritance of larger CTG expansions in subsequent generations.[@bib2], [@bib3] Postnatal non-congenital DM1 (referred collectively here as classical DM1) shows disease onset in children and juveniles or in adults or older adults and is often reported to have CTG expansions ranges of 600 to 1,000 or 50 to 600, where the first two and last two age categories are grouped. However, there is considerable overlap and these ranges are not always the rule. The most severe form is congenital myotonic dystrophy (CDM1), which presents prenatal symptoms during pregnancy (polyhydramnios, reduced fetal movements, and preterm delivery). At birth, CDM1-affected individuals present difficulties of breathing and feeding, marked generalized hypotonia, hyporeflexia, and high perinatal mortality. A striking difference between CDM1 and DM1 is the degree of intellectual dysfunction clearly evident in CDM1-affected individuals, which generally decreases from childhood- to juvenile- and adult-onset DM1-affected individuals.[@bib4], [@bib5], [@bib6] DM1 is genetically characterized by an expanded CTG repeat in the 3′ untranslated region of the dystrophia myotonica-protein kinase (*DMPK* \[MIM: [605377](605377){#intref0015}\]) gene on chromosome 19.[@bib7], [@bib8] CDM1 is almost exclusively associated with maternal transmission and it has been suggested that it is linked to large repeat size (\>1,000 repeats),[@bib9], [@bib10], [@bib11] but this link is not true for all CDM1-affected individuals. Only a handful of rare paternally transmitted CDM1-affected case subjects are known.[@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17] However, many CDM1-affected individuals inherit shorter CTG tracts than some classical DM1-affected individuals and many individuals with classical DM1 have expansions considerably larger than 1,500 repeats.[@bib18], [@bib19], [@bib20] For example, numerous individuals with CDM1 have repeats in the classical DM1 range, some with as few as 550 repeats, indicating that other unknown factors must contribute to CDM1.[@bib10], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26] Moreover, prenatal tissues (amniocentesis or chorionic villus sampling) from pregnancies that led to the birth of CDM1-affected children can have repeat lengths considerably shorter than 1,000 repeats, even fewer than the transmitting mother---complicating a definite prenatal diagnosis based only upon repeat length.[@bib18], [@bib24], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30] Similarly, some individuals with CTG expansions \>1,000 repeats present with very mild symptoms with late onset, one case as late as 44 years old.[@bib18], [@bib19], [@bib20] Ongoing somatic CTG repeat expansions can hamper correlations of repeat length to disease state.[@bib31] Correction for somatic instability by estimating the inherited progenitor allele can improve genotype-phenotype relationships.[@bib31] While such assessment and interpretations of repeat length might improve genotype-phenotype correlations, the existence of CDM1-affected individuals having \<1,000 CTG repeats[@bib10], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26] and non-congenital DM1-affected individuals with expansions considerably larger than 1,500 repeats[@bib18], [@bib19], [@bib20] argues against repeat length as the sole determinant of either the maternal bias or disease etiology of CDM1. Together these findings suggest that some maternal factors other than repeat size may be linked to the manifestation of CDM1.

The DM1 CTG repeat is located in a 3.5 kb CpG island, with two putative CCCTC-binding factor (CTCF) sites flanking the CTG repeat ([Figure 1](#fig1){ref-type="fig"}). Binding of CTCF to the CTCF binding sites, together with the DM1 CTG repeat, was suggested to establish an insulator element between the *DMPK* promoter and the six homeobox 5 (*SIX5* \[MIM: [600963](600963){#intref0020}\]) enhancer.[@bib32] Limited data from a single cell line, derived from a fetal termination (without clinical assignment), suggested that hypermethylation of the region upstream of the expanded CTG tract is correlated with suppressive histone marks.[@bib32], [@bib33], [@bib34]

López Castel et al.[@bib35] reported CpG methylation upstream but not downstream of the CTG repeat in classical DM1 tissues from adults and fetuses as well as a loss of methylation levels with aging. Both López Castel et al.[@bib35] and Brouwer et al.[@bib36] assessed methylation patterns in DM1 mice and the latter study found that the increase in repeat size is correlated with an increase in up- and downstream methylation in DM1 transgenic mice. More recently, Yanovsky-Dagan et al.[@bib37] investigated the effect of CpG methylation on *SIX5* expression in human DM1 embryonic stem cell lines (hESCs) that carry CTG expansions. That study revealed the importance of the DM1 locus as a regulatory element that can become dysfunctional due to epigenetic changes linked to an enlarged CTG repeat.[@bib37]

To gain insight into the relationship between methylation, expansion size, and clinical presentation, specifically CDM1, we determined the CpG methylation state upstream and downstream of the *DMPK* CTG repeat in a large cohort of clinically characterized DM1-affected individuals and samples. Peripheral blood DNA from a total of 79 individuals, of which 20 had the congenital form, was investigated, as well as seven chorionic villus samples (CVSs), one fetal sample (cultured fibroblast from a skin biopsy), and one sperm sample, representative of different developmental stages from gamete to adult. We were able to analyze several affected family members over two or three generations, leading to a detailed view of the mechanisms of inheritance of CDM1. As a proxy for an earlier developmental stage, we also analyzed four DM1-affected hESC lines and blood from their affected donors, included in our analysis of classic DM1, as well as three control non-DM1-affected hESC lines. For all samples, we analyzed 25 CpG sites upstream of the CTG repeat (including 5 sites in the CTCF1 binding site) and 11 CpG sites downstream of the CTG repeat (including the 3 sites in the CTCF2 binding site) to identify the methylation status in hundreds of individual alleles. Interestingly, a close to 100% correlation was found between methylation upstream of the CTG repeat and CDM1 (19 of 20 CMD1-affected individuals were methylated). Moreover, a significantly lower number of classical DM1-affected individuals (2 out of 59 samples) showed methylation upstream (p = 7.04958 × 10^−12^). This could indicate that CpG methylation is a contributing factor to the development of CDM1. Moreover, our results argue against CTG repeat size as the sole determining factor for CDM1, since in our cohort there is a significant overlap in CTG repeat size between classical DM1- and CDM1-affected individuals.

Material and Methods {#sec2}
====================

DM1-Affected Individual Samples {#sec2.1}
-------------------------------

92 pre- and postnatal samples were analyzed for repeat size and CpG methylation up- and downstream of the CTG repeat. DM1-affected individual classifications conformed to prior published criteria.[@bib4], [@bib5], [@bib6], [@bib24], [@bib27], [@bib38], [@bib39], [@bib40], [@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46] Congenital DM1 (CDM1) showed prenatal, perinatal, and neonatal symptoms; childhood/infantile DM1 showed onset after the first year during the first decade; juvenile DM1 showed onset between 10 and 20 years of age; adult DM1 showed onset from 20 to 40 years of age; and late DM1 showed onset at \>40 years of age ([Tables 1](#tbl1){ref-type="table"} and [S1](#mmc2){ref-type="supplementary-material"}). Non-congenital DM1 is collectively referred to here as classical DM1. 20 individuals had CDM1, 59 had classical DM1, and for 7 CVSs (samples B-29, B-30, B-33, B-34, B-36, B-38, and B-40) and one fetal sample (B-31), the disease type could not be identified. Except for the CVSs, one fetal sample, and one sperm sample (T-6S, adult DM1), all samples were DNA extracted from peripheral blood. The sperm sample was collected using a method that contains a step with SDS treatment prior to lysing the sperm heads, which eliminates any contaminating non-germline cells.[@bib47] 41 DM1-affected individuals were members of the 19 families analyzed in this report. All individuals signed informed consent forms allowing their DNA to be used for research purposes and all procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation. [Table S1](#mmc2){ref-type="supplementary-material"} shows the description of the individuals by family, sex, repeat size, inheritance, disease type and subtype, age at sampling, and methylation status. Sample numbers starting with a "B" were collected at the UZ Brussel, Belgium; samples starting with a "T" were collected in Saguenay, Quebec, Canada in collaboration with The Hospital for Sick Children, Toronto, Canada; and samples starting with a "P" were collected at the Motol University Hospital of Prague, Czech Republic.

hESC Culture {#sec2.2}
------------

Human embryonic stem cell lines used in this study are VUB01, VUB04_CF, VUB13_FXS, VUB03_DM1, VUB19_DM1, VUB24_DM1, and VAL6M ([Table S1](#mmc2){ref-type="supplementary-material"}). All lines were derived with individuals' informed consent and after obtaining permission from the Commission for Medical Ethics of the UZ Brussel and from the Federal Commission for Research on Embryos. VAL6M was obtained from the Centro de Investigación Príncipe Felipe, Valencia, Spain. All lines are registered with the EU hESC registry (see [Web Resources](#app3){ref-type="sec"}). The female donors of the cell lines VUB03_DM1 and VUB24_DM1 were affected, and for VUB19_DM1 and VAL6M the male donors were affected. VUB01, VUB04_CF, and VUB13_FXS were used as control non-DM1 lines. The hESC lines were analyzed at following passages (P): VUB03_DM1 at P45, VUB19_DM1 at P71, VUB24_DM1 at P41, VAL6M at P32, VUB01 at P306, VUB04_CF at P66, and VUB13_FXS at P50. The control non-DM1 lines have two non-expanded DM1 alleles: VUB01 has 5 and 11 CTG repeats, VUB04_CF has 5 and 13 repeats, and VUB13_FXS is homozygous with 5 repeats.

All hESC lines were confirmed to be chromosomally balanced using array-comparative genomic hybridization, carried out according to the manufacturer's instructions with minor modifications (Human Genome CGH Microarray 4x44K, Agilent Technologies), as previously described.[@bib48]

Human ESCs were cultured on inactivated CF1 mouse embryonic fibroblasts (MEFs; 2--4 × 10^4^ cells/cm^2^) at 37°C, 5% CO~2~, and atmospheric O~2~ conditions in hESC medium consisting of knockout D-MEM (Invitrogen) supplemented with 20% Serum Replacement (SR) (Invitrogen), 2 mM L-glutamin (Invitrogen), 0.01 mM non-essential amino acids (NEAA) (Invitrogen), 0.1 mM β-mercaptoethanol (Sigma Aldrich), 4 ng/mL human recombinant basic fibroblast growth factor (bFGF) (Invitrogen), and 100 U/mL penicillin and streptomycin (Pen Strep) (Invitrogen). Medium was changed daily and mechanical passaging was performed every 6 days.[@bib49]

CTG Repeat Length Analysis {#sec2.3}
--------------------------

Repeat length of non-expanded alleles were estimated by PCR amplification across the repeat. 10 ng of DNA was amplified by PCR using Amplitaq polymerase (Thermo Fisher). The total reaction volume was 25 μL, containing 1× PCR Buffer (Thermo Fisher), 2 mM MgCl~2~ (Thermo Fisher), 0.2 mM dNTPs (Illustra DNA polymerization mix, GE Healthcare), 0.4 μM DM101 and DM102 primers (Integrated DNA Technologies (IDT),[@bib8] and 1.25 U Amplitaq polymerase. Primer sequences are listed in [Table S2](#mmc1){ref-type="supplementary-material"}. DM101 primers were FAM-labeled in order to detect the length of the repeat by fragment analysis. Fluorescent PCR products were analyzed by capillary electrophoresis using the 3130xl or 3730 Genetic Analyzer (Applied Biosystems). Fragment analysis was performed with Gene Mapper 4.0 Software (Applied Biosystems).

For analysis of the expanded CTG, a specific PCR for long fragments followed by Southern blot was performed in DM1 samples as described previously.[@bib50], [@bib51] 10 to 100 pg of DNA was amplified using the LongAmp Taq PCR Kit (New England Biolabs) with 2.5 units LongAmp Taq DNA polymerase, 1x LongAmp buffer (New England Biolabs), 0.2 mM dNTPs, and 0.4 μM of primers DM101 and DM102[@bib8] (IDT) (sequences in [Table S2](#mmc1){ref-type="supplementary-material"}) in a total reaction volume of 25 μL on a Veriti thermal cycler (Life Technologies). PCR conditions were as follows: 4 min of initial denaturation at 94°C, 35 cycles of 30 s denaturation at 94°C, 8 min annealing and extension at 65°C, and a final extension step at 65°C for 10 min. After denaturing 20 PCR products per sample by boiling, they were separated overnight on a denaturing alkaline agarose gel.[@bib52] DNA fragments were transferred to a positively charged nylon membrane (Roche) by alkaline transfer. Hybridization with a digoxigenin labeled, DM1-repeat specific probe, 5′-/5DigN/CAGCAGCAGCAGCAG-3′ (IDT), was performed overnight and detected by chemoluminescence using the anti-Dig-CSPD system (Anti-Digoxigenin-AP Fab Fragments and CSPD, Roche). Chemoluminescent signals were visualized after film exposure (Carestream). For some samples from Quebec, CTG sizing was performed by Southern blotting of 3--5 μg of blood DNA, digested with EcoRI using the 2.2 kb BamHI/EcoRI subclone of probe pGB2.66, as previously described.[@bib53] For some samples from the Czech Republic, CTG sizing was by Southern blotting using 10 μg of genomic DNA digested with EcoRI, and a PCR-probe, as previously described.[@bib54] For ease of presentation and comparison, all CTG expansions were rounded to the nearest factor of ten ([Table S1](#mmc2){ref-type="supplementary-material"}).

Ongoing somatic expansion-biased instability of the CTG tract throughout the lives of DM1- and CDM1-affected individuals may lead to over- and under-estimates in CTG lengths in more mildly affected individuals and CMD1-affected individuals, where the former are often sampled at older ages and the latter typically sampled at birth.[@bib35], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63] While somatic expansion variations for the various ages of blood DNA samplings used herein ([Table S1](#mmc2){ref-type="supplementary-material"}) may hamper a direct comparison between all individuals, it is noteworthy that the degree of somatic instability in DM1- and CDM1-affected individuals is considerably lower in the blood and greater in muscle/heart.[@bib35], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63] A more direct comparison would be possible if the progenitor alleles of each sample were known, essentially accounting for a confounding effect of somatic instability and age at sampling. While methods to estimate the CTG size of the progenitor allele in a sample have been developed,[@bib31], [@bib58] this technically demanding estimation is beyond the scope and capacity of our study and DNA availability. Our study and all other published studies, excluding a few,[@bib31], [@bib58] cannot account for these variables. Considering our address to variables of age-stability of methylation, the absence or low correlation of age at sampling with up- or downstream methylation, the broad range of age at sampling for each disease class, the range of developmental stages, an absence of a correlation of repeat size with methylation status, our sample size, and our current statistical power, we do not feel that the strength of our correlations depends upon accounting for the age at sampling.

Bisulfite Treatment and Sanger Sequencing {#sec2.4}
-----------------------------------------

Methylation around the CTG repeat was first screened by bisulfite treatment and Sanger sequencing to determine whether methylation hallmarks existed in the different sample types.

200 ng of DNA was bisulfite treated using the Imprint DNA Modification Kit (Sigma Aldrich) using the one-step modification procedure and DNA was eluted in 20 μL elution buffer. Bisulfite-treated DNA was amplified by nested and hemi-nested PCR for the upstream (CTCF1) and downstream (CTCF2) region, respectively ([Table S2](#mmc1){ref-type="supplementary-material"}), using the Jumpstart Taq DNA polymerase kit (Sigma Aldrich) on a Veriti thermal cycler (Life Technologies). For the first PCR, 50 ng of bisulfite-treated DNA was added to a reaction mix consisting of 1.25 units Jumpstart Taq DNA polymerase, 1× reaction buffer with MgCl~2~ (Sigma Aldrich), 0.2 mM dNTPs, and 0.4 μM primers (IDT) in a total reaction volume of 25 μL. PCR conditions for the first PCR were as follows: 5 min of initial denaturation at 94°C, 40 cycles of 30 s denaturation at 94°C, 30 s annealing at 55°C, and 30 s of extension at 72°C. A final extension step of 5 min at 72°C was applied. For the second PCR, 3 μL of PCR product from the first round was amplified using the same PCR reaction mix, with second round primers, and the same thermocycler conditions. Primer sequences are listed in [Table S2](#mmc1){ref-type="supplementary-material"}; the number 1 or 2 at the end of the name indicates the PCR round. For the downstream region (CTCF2), the same reverse primer is used for both PCR rounds.

Amplicons were purified using the High Pure PCR Product Purification kit (Roche) and cycle-sequenced using BigDye chemistry 3.1 according to the manufacturer's instructions (Life Technologies). Afterward, amplicons were run on an ABI 3130XL automatic sequencer (Applied Biosystems). Results were analyzed using Applied Biosystems Sequence Scanner v.1.0 and aligned to the reference sequence using BiQ Analyzer.[@bib64] Samples were considered to show methylation and were processed further for Massive Parallel Sequencing (MPS) when Sanger sequencing showed two peaks at one or more of the CpG sites, one for a C (methylated) and one for a T (unmethylated), including those where the two peaks signals were unequal in height.

Bisulfite Treatment and Massive Parallel Sequencing {#sec2.5}
---------------------------------------------------

All samples that showed some degree of methylation after Sanger sequencing, as well as the appropriate negative controls, were subjected to MPS for a detailed examination of the methylation status at every CpG site for a large number of alleles simultaneously. For samples with limited amounts of DNA, MPS was performed immediately, skipping Sanger sequencing analysis. For each sample, MPS yielded about 4,000 reads of which 100 sequences for both the upstream and downstream region were randomly selected and compared to the reference sequence. Bisulfite treatment as well as the first round of PCR was performed as described above, using only a different reverse primer for the upstream region (MPS CTCF1 R; [Table S2](#mmc1){ref-type="supplementary-material"}). The second round of PCR used primers with linker sequences containing the next generation first read (forward) or second read (reverse) primers attached to an adaptor sequence. This adaptor sequence was used for library preparation by attaching indices and P5 or P7 flow cell binding sites. The PCR reaction mix consisted of 1.25 units Jumpstart Taq DNA polymerase, 1× reaction buffer with MgCl~2~, 0.2 mM dNTPs, and 0.4 μM primers in a total reaction volume of 25 μL. PCR conditions included 5 min of initial denaturation at 95°C, 40 cycles of 30 s denaturation at 95°C, 30 s annealing at 65°C, and 30 s of extension at 72°C. A final extension step of 7 min at 72°C was applied. Primer sequences are listed in [Table S2](#mmc1){ref-type="supplementary-material"} with the suffix "Miseq." Library preparation was carried out by PCR using the NEBNext High-Fidelity 2X PCR Master Mix (Bioké) according to manufacturer's instructions, with Illumina Nextera indexed primers (Illumina), and with the following PCR program: 30 s at 98°C, 15 cycles of 10 s at 98°C, 30 s at 65°C, and 30 s at 72°C, followed by the final extension step of 5 min at 72°C. The products were purified using magnetic bead purification and size selection using a 0.7 beads-to-sample ratio (Analis). The libraries were spiked in with a 20% PhiX sequence (Illumina) to compensate for low complexity. The final libraries were loaded on the MiSeq Reagent Nano Kit v2 (500 cycles) according to manufacturer's instructions and sequenced at 2x250 bp (Illumina).

Sequencer output files were processed using a homemade script. Sequence lengths less than 150 bp were discarded and sequences of the upstream region were selected out from sequences of the downstream region by reference sequence similarity. For each sample, 100 sequences were randomly selected for both regions for analysis. CpG methylation analysis was performed using BiQ Analyzer, a free program that aligns the reference sequence to the 100 randomly selected sequencing files using Clustal W alignment.[@bib64] Sequences with less than 90% bisulfite conversion rate and/or less than 80% sequence identity with the reference sequence were discarded.

Methylation was quantified per allele for each sample, by calculating the percentage of methylated CpG sites of the total number of potentially methylated sites in the upstream and downstream regions, and each allele was binned into categories according to their methylation percentage: no methylation (under threshold), low methylation (threshold to 35%), medium methylation (35%--65%), and high methylation (\>65%). Methylation thresholds were set based on sequencing results of DNA from the control subjects, non-DM1-affected individuals (\>60) for the DM1-affected individuals, and non-DM1 hESCs (VUB01, VUB04_CF, and VUB13_FXS) for the DM1 hESCs. Threshold selection: for the non-DM1-affected individuals, 50 samples used for whole-genome methylation analysis previously described,[@bib65] ten non-affected relatives from DM1-affected families ([Table S1](#mmc2){ref-type="supplementary-material"}), and three non-related control subjects were analyzed. An allele was considered to be methylated if at least two or more CpG sites were methylated. To avoid misinterpretation of the data due to outliers, a 10% interval was used. This means that a sample was considered as methylated only if more than 10% of the alleles showed methylation (with ≥2 CpG site being methylated). All the non-DM1-affected individuals and non-DM1 hESC lines had at least 90% of their alleles showing no methylation, being none or maximum 1 CpG site that showed methylation.

Statistical Analysis {#sec2.6}
--------------------

DNA methylation for each sample was established in hundreds of individual alleles by DNA bisulfite conversion and massive parallel sequencing. Linear regression analysis was performed for the region upstream (CTCF1) and downstream (CTCF2) of the repeat separately on the samples for which the repeat size, inheritance, age at sampling, and disease form were known ([Table S4](#mmc1){ref-type="supplementary-material"}). Analyses were performed where CpG methylation is the dependent variable and the independent variables are as follows: gender (male versus female), repeat size of the expanded allele, disease (classical DM1 versus CDM1), and age of onset ([Tables S4](#mmc1){ref-type="supplementary-material"}A and S4B); repeat size of the expanded allele as a continuous variable ([Tables S4](#mmc1){ref-type="supplementary-material"}C and S4D); inheritance (paternal versus maternal) ([Tables S4](#mmc1){ref-type="supplementary-material"}F and S4G); maternal inheritance (maternally transmitted non-congenital DM1 versus CDM1) ([Tables S4](#mmc1){ref-type="supplementary-material"}H and S4I); and DM1 disease form (childhood and juvenile versus adult and late onset) ([Tables S4](#mmc1){ref-type="supplementary-material"}J and S4K). Further analyses were performed where repeat size of the expanded allele is compared to disease status (non-congenital DM1 versus CDM1) ([Table S4](#mmc1){ref-type="supplementary-material"}E).

Results {#sec3}
=======

DM1 Samples, CTG Lengths, and Methylation Study Parameters {#sec3.1}
----------------------------------------------------------

We collected 92 DM1 samples, including a total of 79 blood samples (59 classical and 20 congenital myotonic dystrophy-affected individuals), 7 CVSs, 1 fetal sample, 1 sperm sample, as well as 4 hESC lines carrying the DM1 mutation and blood DNAs of their affected donors (included in the classical DM1-affected individuals) ([Tables 1](#tbl1){ref-type="table"} and [S1](#mmc2){ref-type="supplementary-material"}). 41 DM1 samples were part of 19 families for which also 10 non-affected relatives were analyzed (pedigrees are shown in [Figures 2](#fig2){ref-type="fig"}, [S1](#mmc1){ref-type="supplementary-material"}A, and [S2](#mmc1){ref-type="supplementary-material"}). Repeat lengths were determined ([Figures S1](#mmc1){ref-type="supplementary-material"}B and S1C) and are indicated in the pedigrees ([Figures 2](#fig2){ref-type="fig"} and [S2](#mmc1){ref-type="supplementary-material"}) and [Table S1](#mmc2){ref-type="supplementary-material"}.

Methylation was determined and quantified. DNA methylation was independently determined for regions 300 bp upstream (hg19: 46,277,287--46,277,059) of the CTG repeat and 229 bp downstream (hg19: 46,276,890--46,276,767; [Figure 1](#fig1){ref-type="fig"}) by bisulfite conversion and sequencing ([Figures S1](#mmc1){ref-type="supplementary-material"}D--S1F).

In non-affected individuals with non-expanded CTG tracts, the DM1 region we studied herein has been epigenetically characterized.[@bib66] Buckley et al. found the DM1 region to exist as a long, constitutively unmethylated region[@bib66] in a 3.5 kb CpG island,[@bib67] a pattern that was consistent among 16 non-affected tissues (blood, muscle, heart, brain, liver, etc.).[@bib66] The methylation-free zone spanned from 800 bp upstream to 2.2 kb downstream of the CTG tract.[@bib66] Our methylation analyses of control blood DNA from 13 non-affected individuals revealed only low background levels of methylation ([Table 1](#tbl1){ref-type="table"}, [Table S1](#mmc2){ref-type="supplementary-material"}). Based upon the above findings, we set our threshold of methylation at more than one CpG site that is methylated and this in more than 10% of the alleles per sample to exclude outliers showing abnormal methylation ([Material and Methods](#sec2){ref-type="sec"}, section Bisulfite Treatment and Massive Parallel Sequencing).

Methylation Status in Classical DM1-Affected Individuals {#sec3.2}
--------------------------------------------------------

We determined CpG methylation status of the region surrounding the DM1 CTG repeat tract in our collection of 60 classical DM1-affected individuals (59 blood samples and 1 sperm), of which 24 were part of 19 families ([Figure S2](#mmc1){ref-type="supplementary-material"}). Overall, only 2 out of 21 classical DM1-affected individuals with maternal inheritance of the expansion showed methylation both upstream and downstream of the CTG tract ([Figures 3](#fig3){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}, [Table S3](#mmc1){ref-type="supplementary-material"}). All other DM1-affected individuals with maternal inheritance, as well as those with paternal inheritance, showed methylation only downstream of the repeats or absence of methylation in both regions analyzed ([Figure 3](#fig3){ref-type="fig"}). Results are detailed below per family, group of families, and/or DNA sample origins.

Classical DM1-Affected Family A {#sec3.3}
-------------------------------

Family A is a three-generation DM1-affected family with five classical DM1-affected individuals and one CDM1-affected individual. Family A is representative of the methylation results obtained in all 19 families ([Figure S1](#mmc1){ref-type="supplementary-material"}, pedigrees in [Figures 2](#fig2){ref-type="fig"} and [S2](#mmc1){ref-type="supplementary-material"}). Repeat sizes increased from generation to generation, going from 54 repeats (B-6) to 97 (B-5) and 200 (B-4) repeats in the second generation, and to 500 (B-3), 700 (B-2), and 1,300 (B-1) repeats in the third generation. There were no signs of CpG methylation upstream or downstream of the DM1 repeat ([Figure 3](#fig3){ref-type="fig"}) in the DNA samples of the second-generation daughters (B-4 and B-5) that inherited the disease paternally (see blue bubbles). The third-generation offspring B-3, with maternally inherited expansion, did not show any signs of CpG methylation upstream or downstream of the DM1 repeat. The offspring of the DM1-affected individual B-4---a classical DM1-affected individual (B-2) and a CDM1-affected individual (B-1)---showed some methylation at both regions analyzed in individual B-2 (41% of methylated alleles upstream as well as 41% downstream) and large increases in repeat size and methylation upstream of the repeats in the CDM1-affected individual (B-1) (95% of methylated allele in the upstream region; 50% of alleles with high methylation) ([Figures 3](#fig3){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}). Repeat sizes are listed in [Table S1](#mmc2){ref-type="supplementary-material"} and in the pedigree ([Figures 2](#fig2){ref-type="fig"} and [S1](#mmc1){ref-type="supplementary-material"}A), methylation results can be found in [Figures 3](#fig3){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}, and detailed percentages of methylation in [Tables S3](#mmc1){ref-type="supplementary-material"}A and S3B.

Classical DM1-Affected Family B {#sec3.4}
-------------------------------

Family B consists of a classically affected mother (B-9) transmitting classical DM1 to her two daughters (B-7 and B-8, pedigree in [Figure S2](#mmc1){ref-type="supplementary-material"}, [Table S1](#mmc2){ref-type="supplementary-material"}). Methylation appeared in the two daughters downstream of the CTG repeat (32% and 27% of methylated alleles for B-7 and B-8, respectively). There was no methylation present upstream of the CTG repeat. The mother did not show methylation at either site ([Figures 3](#fig3){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}, [Tables S3](#mmc1){ref-type="supplementary-material"}A and S3B).

Classical DM1-Affected Families C, D, and E {#sec3.5}
-------------------------------------------

Families C, D, and E consist of classical DM1-affected individuals (B-10, T-1, and T-3) with 900 (T-1) and 1,000 (B-10 and T-3) repeats who inherited DM1 maternally (pedigrees shown in [Figure S2](#mmc1){ref-type="supplementary-material"}). For family C, DNA of the affected parent (B-11, 160 repeats) could be analyzed. For family D, DNA only from the unaffected parent (T-2) was available, while for family E, DNA from both the affected parent (T-4, 650 repeats) and the unaffected parent (T-5) was available. For all three families, no methylation was found in the parents. B-10 showed methylation both upstream and downstream of the CTG repeat, while T-1 and T-3 only showed methylation downstream of the repeat ([Figures 3](#fig3){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}, [Tables S3](#mmc1){ref-type="supplementary-material"}A and S3B).

Classical DM1-Affected Family F, Including Sperm Sample {#sec3.6}
-------------------------------------------------------

Family F consists of a classically affected father (T-7), with 57 repeats, who transmitted classical DM1 to his son (T-6), with 100 repeats (blood) (pedigree in [Figure S2](#mmc1){ref-type="supplementary-material"}). DNA from T-6S sperm, with 230 repeats, and from T-7 blood was analyzed for methylation up- and downstream of the CTG repeat. No methylation at either sites was found in the father or son.

Classical DM1-Affected Individual Samples without DNA from Relatives {#sec3.7}
--------------------------------------------------------------------

The blood DNA of an additional 36 classical DM1-affected individuals was analyzed for methylation at the DM1 locus. Of these, 9 had inherited the disease maternally and 17 paternally, while for 10 samples the inheritance was not known. The methylation analysis of these individuals is summarized in [Figure 3](#fig3){ref-type="fig"}. Overall, 2 out of 21 classical individuals with maternal inheritance showed methylation upstream and 7 out of 21 showed methylation downstream of the repeat. This is a slightly higher methylation level compared to the individuals with paternal inheritance of DM1 showing no methylation upstream and only 1 out of 27 individuals showed methylation downstream of the repeat. No methylation at either CTCF site was found for all samples for which the inheritance was not known. Detailed results for the methylated samples are shown in [Figure S4](#mmc1){ref-type="supplementary-material"} and [Tables S3](#mmc1){ref-type="supplementary-material"}A and S3B.

Congenital DM1-Affected Individuals {#sec3.8}
-----------------------------------

20 individuals with CDM1 were analyzed. All CDM1-affected individuals inherited the expanded allele from the mother. DNA from one or both parents was available for ten of the congenital individuals. For two congenital individuals, a classical DM1-affected (B-2) and an unaffected (T-27) brother (families A and N, respectively) were also available. For all families where parental DNA was available, the repeat size increased upon transmission to the CDM1-affected offspring, with increases of 400 up to 1,050 repeats in a single generation ([Table S1](#mmc2){ref-type="supplementary-material"}, [Figure S2](#mmc1){ref-type="supplementary-material"}).

Congenital individuals showed methylation above the set threshold (two or more CpG sites methylated per CTCF site in \>10% of the alleles) at both CTCF binding sites (95% of the affected individuals are methylated upstream and 95% of the affected individuals are methylated downstream). In all of the CDM1-affected individuals, around half of the alleles showed no methylation either up- or downstream of the repeat. These alleles most likely represent the non-mutant DM1 allele. Most of the expanded alleles showed methylation ([Figure 3](#fig3){ref-type="fig"}), of which a few alleles showed high methylation with more than 65% of methylated CpGs. Exact percentages per group are listed in [Tables S3](#mmc1){ref-type="supplementary-material"}C and S3D and lollipop diagrams are shown in [Figure S4](#mmc1){ref-type="supplementary-material"}. In all families, the affected parent showed no methylation either up- or downstream of the repeat. CDM1 transmission concurred with an expansion of the repeat. Although there were large differences in repeat sizes between CDM1-affected individuals, ranging from 1,100 to 4,700 repeats ([Figure S2](#mmc1){ref-type="supplementary-material"}, [Table S1](#mmc2){ref-type="supplementary-material"}), there was a considerable overlap in CTG repeat size ranges with classical DM1-affected individuals, whom in our study had repeat sizes from 54 to 2,800 repeats. However, there was a significant difference in methylation between our CDM1-affected individuals and the classical DM1-affected individuals (p = 7.04958 × 10^−12^ upstream, p = 9.55873 × 10^−5^ downstream) ([Tables S4](#mmc1){ref-type="supplementary-material"}A and S4B).

Methylation Status in DM1 hESC Lines {#sec3.9}
------------------------------------

Human embryonic stem cell lines are derived from the inner cell mass of 6-day-old preimplantation embryos and therefore can be used as a proxy for this developmental stage. We used hESCs derived from embryos shown to carry the expanded allele after preimplantation genetic diagnosis for DM1; for VUB03_DM1 and VUB24_DM1, the affected germline donor was female, and for VUB19_DM1 and VAL6M, the affected germline donor was male. We also used three non-DM1 hESC lines (VUB01, VUB04_CF, and VUB13_FXS) as control lines. For the three control lines, Sanger sequencing and next generation sequencing after bisulfite treatment showed no CpG methylation either up- or downstream of the CTG repeat ([Figure 3](#fig3){ref-type="fig"}).

VUB19_DM1 and VAL6M derived from a male affected germline donor showed no methylation at the upstream site, while maternally derived VUB03_DM1 and VUB24_DM1 showed methylation in about half of the alleles ([Figures 3](#fig3){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}, [Tables S3](#mmc1){ref-type="supplementary-material"}E and S3F).

All DM1 hESC lines except for VAL6M, of paternal origin, showed methylation at the downstream site. In particular, half of the alleles were partially methylated, as illustrated in [Figure 3](#fig3){ref-type="fig"}. Exact percentages are listed in [Table S3](#mmc1){ref-type="supplementary-material"}F and lollipop diagrams are in [Figure S4](#mmc1){ref-type="supplementary-material"}. About half of the alleles were not methylated and were presumed to be the non-expanded allele: VUB03_DM1 showed 47% unmethylated alleles, VUB19_DM1 showed 54%, and VUB24_DM1 showed 56% ([Figure 3](#fig3){ref-type="fig"} and [Table S3](#mmc1){ref-type="supplementary-material"}F).

Blood DNA of the affected germline donors of the embryos from which the DM1 hESC lines were derived was also analyzed ([Table S1](#mmc2){ref-type="supplementary-material"}). None of the germline donors' blood DNA samples showed methylation either up- or downstream of the CTG repeat ([Figure 3](#fig3){ref-type="fig"} and [Tables S3](#mmc1){ref-type="supplementary-material"}E and S3F).

Chorionic Villus Samples {#sec3.10}
------------------------

We collected CVSs from four families---P, Q, R, and S ([Figure S2](#mmc1){ref-type="supplementary-material"}). The four DM1 CVSs (B-33, B-34, B-36, B-40) from affected mothers showed methylation both up- and downstream of the repeat, while the three CVSs with paternally derived expansions (B-29, B-30, and B-38) showed methylation only downstream of the CTG repeat ([Figures 3](#fig3){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}, [Tables S3](#mmc1){ref-type="supplementary-material"}G and S3H). None of the classical DM1-affected parents showed methylation in their blood DNA. For family P, for which two CVSs (B-29 and B-30) were available, we also collected a fetal skin biopsy after termination of pregnancy, which was put in culture to obtain a fibroblast cell line (B-31). No methylation at either side of the CTG repeat was found for the fetal sample ([Figure 3](#fig3){ref-type="fig"}). Methylation levels in family P at the downstream region were lower than in families Q and R ([Figure 3](#fig3){ref-type="fig"}, [Tables S3](#mmc1){ref-type="supplementary-material"}G and S3H) with CVSs B-29 and B-30 showing less than 50% methylation for most of the alleles. Remarkably, DM1 was paternally transmitted in both families P and S with low methylation, whereas it was maternally transmitted in families Q and R as well as in sample B-40, showing high methylation levels. The repeat sizes did not correlate with methylation levels. For example, sample B-34 has only 500 repeats and is methylated at both the upstream and the downstream site, while B-29 has 1,100 repeats and is methylated only at the downstream site.

Significance of Methylation {#sec3.11}
---------------------------

Statistical analysis (linear regression) as a function of various biological markers (gender, repeat size, disease, age at sampling) revealed that the congenital disease form is most significantly methylated at the repeat (p = 7.04958 × 10^−12^ upstream, p = 9.55873 × 10^−5^ downstream) ([Tables S4](#mmc1){ref-type="supplementary-material"}A and S4B). This showed a strong correlation (R^2^ = 0.78 upstream and R^2^ = 0.66 downstream). In this multivariate analysis, repeat size was not significantly correlated with methylation at both CTCF binding sites ([Tables S4](#mmc1){ref-type="supplementary-material"}A and S4B). There is no correlation of age at sampling with methylation upstream (p = 0.26) and a mild correlation downstream (p = 0.03) ([Tables S4](#mmc1){ref-type="supplementary-material"}A and S4B). In another comparison, when methylation is assessed relative to only repeat length as a continuous variable ([Tables S4](#mmc1){ref-type="supplementary-material"}C and S4D), the comparison was significant (p = 7.11321 × 10^−6^, upstream, and p = 2.3349 × 10^−5^, downstream). Similarly, when repeat length was compared to disease status as a dichotomous trait (with or without CDM1), expansion size is significantly associated with CDM1 ([Table S4](#mmc1){ref-type="supplementary-material"}E, p = 1.17093 × 10^−6^). However, in either of these comparisons the correlations were not strong (r^2^ = 0.24, upstream, and r^2^ = 0.22, downstream, and r^2^ = 0.27, respectively). There is a strong correlation between maternal inheritance and methylation (p = 2.89731 × 10^−9^ upstream, p = 3.87005 × 10^−7^ downstream) ([Tables S4](#mmc1){ref-type="supplementary-material"}F and S4G). Taken together, our results suggest that while repeat length is important, CpG methylation is a stronger correlation/indicator of CDM1 than repeat length. Importantly, looking only at maternal inheritance, there is a significant correlation between CDM1 and methylation compared to maternal transmission of non-congenital DM1, providing strength for a maternal effect with 18 CDM1 (p = 1.14853 × 10^−12^ upstream, p = 6.63241 × 10^−6^ downstream) ([Tables S4](#mmc1){ref-type="supplementary-material"}H and S4I). Comparing the different forms of non-congenital DM1, we found a stronger correlation between childhood- and juvenile-onset forms and CpG methylation versus adult- and late-onset forms (p = 0.01 upstream, p = 0.00034 downstream) ([Tables S4](#mmc1){ref-type="supplementary-material"}J and S4K). This supports a continuum of methylation with age of onset.

Discussion {#sec4}
==========

This study reports the largest dataset to date on DNA methylation up- and downstream of the CTG repeat in *DMPK*. Both the large number of clinically diagnosed classical and congenital DM1-affected individuals, as well as the large numbers of alleles assessed for each sample by MPS, gives strength to our findings and the implications they may have. In particular, aberrant methylation at the DM locus may account for both the maternal bias for CDM1 transmission, larger maternal versus paternal expansions, and the distinct clinical features of CDM1, as well as serve as a diagnostic indicator.

Repeat expansion size has long been suggested to be linked to CDM1.[@bib10], [@bib11] A grandpaternal predominance for CDM1 transmissions was observed.[@bib20], [@bib25], [@bib41], [@bib68], [@bib69], [@bib70] This predominance is probably explained by the paternal expansion bias of pre- and proto-mutation lengths (\<80 repeats) compared to the relative stability of these lengths during maternal transmissions. In contrast, full mutation lengths (\>79 repeats) show an expansion bias in maternal transmissions and a tendency to contract in paternal transmissions. The mechanism of these parent-of-origin mutation effects is poorly understood.[@bib71] The maternal bias for transmitting very large expansions has been argued as a source of the maternal predominance of CDM1. Ongoing somatic expansions of the repeat in many tissues can give larger CTG expansions than the actual inherited allele. Since most CDM1-affected individuals are sampled shortly after birth when levels of somatic mosaicism in blood DNA are low, the lengths are probably close to the inherited length (however, this is not true of our sample set, see below). In contrast, non-congenital DM1-affected individuals frequently have their repeat sized later in life when somatic expansions can be considerable. The confounding variable of somatic expansions can hamper correlations of repeat length to disease state.[@bib31] Correction for somatic instability by estimating the inherited progenitor allele can improve genotype-phenotype correlations.[@bib31] For example, a poor association of parental repeat length with transmission of CDM1 has been found. Redman et al.[@bib72] found that mothers with as few as 75 or as many as 2,500 repeats in their blood could transmit CDM1 and estimated that in DM1-affected mothers with \>100 repeats, 62% of affected offspring would be affected by CDM1. Similarly, Rudnik-Schöneborn et al.[@bib73] found that DM1-affected mothers with all ranges of CTG expansions in blood (\<500 to \>1,500) could have CDM1-affected offspring, suggesting an absence of an absolute correlation of maternal repeat length with CDM1 transmission. Recent data estimating for progenitor alleles suggest that age-dependent expansions occur in the germline of both DM1-affected parents, yielding an estimate that mothers with \>164 repeats have a 64% risk of transmitting CDM1.[@bib31] However, in that study age at onset in the child depended on the length of the allele transmitted, but not on the sex of the parent.[@bib31] Moreover, since the age effect of expansion occurs in both male and female germlines, its contribution to the maternal bias for CDM1 transmissions is probably complex. Either way, while expansion size is important, it cannot explain the 25% of CDM1-affected individuals with relatively short expansions[@bib10], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26] or the absence of CDM1 in the presence of very large expansions.[@bib18], [@bib19]

It is not possible to exclude a contribution of CTG length to CDM1 and our data do not argue against it\'s possible contribution. As noted above and in the [Material and Methods](#sec2){ref-type="sec"}, age-dependent somatic CTG expansions can weaken the presence of or the absence of phenotype correlations to repeat length.[@bib31] We have not accounted for this confounding variable. However, our analyses are predominantly from blood samples, where the levels of somatic expansions are limited,[@bib62], [@bib63] compared to affected tissues such as heart, muscle, and brain.[@bib35] It is not likely that the limited somatic expansions in the blood, detectable in some but not all DM1-affected individuals, would exceed the overlapping CTG length differences observed between non-congenital DM1- and CDM1-affected individuals (our study and others). Notably, we observe large differences in repeat sizes between CDM1-affected individuals, ranging from 1,100 to 4,700 repeats, with considerable overlap in CTG repeat size ranges with non-congenital DM1-affected individuals, with tract sizes of 54 to 2,800 repeats. Furthermore, our CDM1-affected individuals were sampled at many ages, many as old as 33--50 years old, not predominantly newborns. A similar age range of sampling was evident in the non-congenital samples. Thus, although possible, it is unlikely that the somatic expansions in the blood will significantly confound the strength of our findings. Considering the age stability of the methylation we observe, the absence or low correlation of age-at-sampling with up- or downstream methylation, the broad range of age-at-sampling for each disease class, the range of developmental stages, an absence of a correlation of repeat size with methylation status, our sample size, and our current statistical power, we do not feel that the strength of our correlations depend upon accounting for the age at sampling. We propose that the strong correlation of upstream methylation we observe in blood DNA be considered as a critical marker of CDM1, in addition to repeat length of the mother,[@bib31] the age of the mother,[@bib31] and the clinical state of the mother (see more below).[@bib27], [@bib38]

What factors other than repeat length might contribute to the maternal specificity of CDM1? A maternal circulating (intrauterine) or environmental factor had been proposed.[@bib74] The clinical status of the mother during pregnancy was also suggested,[@bib27], [@bib38] as were the number of previous affected births,[@bib38] a maternal mitochondrial genome contribution,[@bib75] an effect of the non-expanded maternal allele effect,[@bib20] or an epigenetic mark on the mutant maternal allele.[@bib76] Direct analyses argue against a mitochondrial factor.[@bib75] While the contribution of either an intrauterine/environmental factor or the clinical status of the mothers at the time of pregnancy and delivery to having congenitally affected offspring[@bib38] was not directly tested and could not be ruled out, the absence of evidence supporting these was recently used as an argument against the involvement of intrauterine factors.[@bib31] The clinical state of the mother may contribute to intrauterine state, as previously suggested.[@bib27], [@bib38] While the number of families with comprehensive data is limited in our collection, it is interesting to note that, where known, all mothers of CDM1-affected children showed adult or earlier onset ([Table S1](#mmc2){ref-type="supplementary-material"}) and were symptomatic prior to and during pregnancy. This is consistent with the observation that of 63 CDM1-affected children, all were born from DM1-affected mothers that showed obvious symptoms with adult or earlier onsets, and none were born from mothers with late-onset or "at risk" of disease.[@bib38] Our results further support the reports that affected mothers are more likely to have CDM1-affected children, and their clinical state may contribute to having CDM1-affected children.[@bib27], [@bib38], [@bib77] Obstetric complications of DM1-affected mothers during pregnancy and labor can be subdivided to those common to most pregnancies, those that are unique to fetuses with CTG expansions, and those unique to CDM1-affected fetuses.[@bib73] Intrauterine exposure to environmental, chemical, genetic, and/or physiological stressors can induce epigenetic modifications, in tissue- and locus-specific manners.[@bib78] Here we revisited the possibility that a maternal-specific epigenetic mark may contribute to CDM1. Based upon the presence of aberrant methylation in hESCs and CVSs, we suggest that methylation reprogramming during germline formation may specifically affect the methylation pattern and levels at the DM1 locus.[@bib79], [@bib80], [@bib81], [@bib82], [@bib83], [@bib84] Methylation may both drive maternal transmission of CDM1 and protect against paternal transmissions of CDM1. Our evidence argues that an epigenetic mark that is frequently transmitted by mothers, and rarely transmitted by fathers, contributes to CDM1.

Our results reveal a strong correlation of DNA methylation patterns flanking the DM1 CTG repeat with maternal transmission of the expanded repeat. Our findings, as with the vast majority of cases, find CDM1 transmission exclusively through maternal transmission. CpG methylation was found upstream of the CTG repeat in all but 1 congenital individual (95%), in only 2 of the 21 classical DM1-affected individuals of maternal origin (9%), in 2/2 maternally derived hESC lines, and in 4/4 maternally transmitted DM1 CVSs. In striking contrast, we never found methylation upstream of the DM1 repeat after paternal transmission in either blood, CVSs, or hESCs. Moreover, the levels of upstream methylation per allele was greater in CDM1 samples relative to maternally transmitted classical DM1 samples (p = 1.14853 × 10^−12^, [Table S4](#mmc1){ref-type="supplementary-material"}H), and certainly greater than the absence of upstream methylation in paternally derived classical DM1-affected individuals. It would be interesting to know whether the few paternally derived CDM1-affected case subjects may have also inherited aberrant methylation of the upstream region.[@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17] Interestingly, upstream methylation was evident in only two non-congenital individuals, and both were maternally transmitted cases of childhood DM1, with onsets prior to 4 years of age (B2 and B10, with 700 and 1,000 repeats) ([Tables 1](#tbl1){ref-type="table"} and [S1](#mmc2){ref-type="supplementary-material"}). We found a stronger correlation between childhood- and juvenile-onset forms and CpG methylation versus adult- and late-onset forms (p = 0.01 upstream, p = 0.00034 downstream) ([Tables S4](#mmc1){ref-type="supplementary-material"}J and S4K). This might suggest that a continuum of age of onset and disease severity correlates with the levels of upstream CpG methylation ([Figure 4](#fig4){ref-type="fig"}).

One other study investigated the methylation pattern in a large collection of DM1 hESC lines in a broad region upstream (but not downstream) of the DM1 CTG repeat.[@bib37] Yanovsky-Dagan et al. did not comment upon a methylation difference between maternally and paternally derived DM1 hESCs. They found high levels of upstream methylation with only the largest repeats (\>300 repeats).[@bib37] Although we did not observe upstream methylation for VUB19_DM1 with a paternally derived 500 repeats, this difference may be due to the different region analyzed between the two studies; Yanovsky-Dagan et al. assessed a region further upstream that does not overlap with the region we analyzed, which is closer to the CTG repeat ([Figure 1](#fig1){ref-type="fig"}). Taking all these elements together, we find indications to suggest that in hESCs, there is a differential methylation status according to parent-of-origin of the expanded CTG tract.

What is the source of the maternal bias for CDM1 transmission? The maternal-specific transmission of CDM1 and the extreme rarity of paternal transmission may be due to methylation patterns specific to the germ cells. We propose three possible paths that might account for the maternal transmission bias of CDM1, including aberrant methylation of *DMPK* in the female germline from which a male-germline-specific CpG methylation erasure occurs, differential instability between male and female germlines, and selective growth disadvantage for the male germline with upstream methylation ([Figure 4](#fig4){ref-type="fig"}).

It is noteworthy that the methylation-free zone present in 16 different tissues of unaffected individuals in which the DM1 CTG repeat lies is further extended only in the sperm, to encompass the full 3.5 kb CpG island and a downstream CpG island (CAG repeat: chr19: 46,273,463--46,273,524; DMR tissue: chr19: 46,271,277--46,274,292 = 2,186 bp downstream, 768 bp upstream \[relative to coding direction\]; DMR sperm chr19: 42,670,117--46,275,169 = 3,346 kb downstream, 1,675 upstream \[relative to coding direction\]).[@bib66] We propose that, in some instances, in oocytes of DM1-affected mothers, an aberrant CpG methylation pattern of the DM1 CTCF1 site is set up and transmitted to CDM1-affected offspring. Waves of methylation/demethylation specific to oogonia and spermatogonia occur with strict regulation[@bib81], [@bib82], [@bib83], [@bib84] ([Figure 4](#fig4){ref-type="fig"}). This regulation, and the pattern of methylation, can be perturbed by proximal repeat mutations, as occurs in fragile X.[@bib85], [@bib86], [@bib87], [@bib88] Although we did not observe a significant correlation of DM1 CTG tract length with methylation, a threshold length may be associated with aberrant methylation, but may not be evident in our sample set. A threshold CGG length linked to aberrant methylation was recently detected in FRAXA cells.[@bib89] Sperm of DM1-affected fathers may escape aberrant CpG methylation due to a differential de-methylation program, which forces an absence of methylation further up- and downstream from the CTG tract.[@bib66]

Selective differential proliferation of oogonia or spermatogonia with a particular methylation pattern may ultimately be the basis of the preponderance of the maternal bias for CDM1, as occurs in fragile X.[@bib85], [@bib86], [@bib87], [@bib88] The process of this selection may arise from the dependence of spermatogenic survival upon SIX5 protein levels,[@bib90] which can reflect the prominent progressive testicular atrophy, oligo-, and azoospermia in DM1-affected males.[@bib91] Haploid spermatids with upstream methylation may not survive to mature spermatozoa due to the reduced SIX5 levels caused by *DMPK* methylation,[@bib37] and hence protect DM1-affected fathers from having CDM1-affected children ([Figure 4](#fig4){ref-type="fig"}). While the methylation pattern in oocytes or a larger sample set of sperm of DM1-affected parents is unknown, the presence of the aberrant methylation pattern in hESCs and CVSs derived from germ cells of affected mothers but not affected fathers, observed herein, supports our suggestion of a maternal oocyte-specific aberrant epigenetic mark for CDM1.

Although large CTG expansions alone may not be sufficient to cause CDM1, such large expansions may be associated with the aberrant methylation patterns. Within each family studied herein, an increase in overall methylation and CTG repeat size could be found from one generation to the next ([Figure S2](#mmc1){ref-type="supplementary-material"}). Where known, only 6 of the 9 three-generation families studied herein (families A, H, I, J, K and L) showed grandpaternal transmission leading to CDM1-affected grandchildren ([Figure S2](#mmc1){ref-type="supplementary-material"}), previously noted for their larger expansions.[@bib20], [@bib25], [@bib41], [@bib68], [@bib69], [@bib70] Upstream CpG methylation is associated with increased CTG expansions, which in turn may be linked with DNA replication patterns[@bib92] ([Figure 1](#fig1){ref-type="fig"}, top). We suggest that for DM1-affected parents with larger CTG tracts, the transmission to larger expansions by DM1-affected mothers, relative to DM1-affected fathers, may be due to methylation-enhanced expansions and contractions, respectively ([Figure 4](#fig4){ref-type="fig"}). This would be consistent with the suggestion of Brunner et al.[@bib70] who proposed that repeat contractions from fathers protects their offspring from CDM1. Our suggestion is also consistent with the direct analysis of CTG lengths in sperm that suggested an increase of germline contraction frequencies for fathers with larger alleles.[@bib63], [@bib93], [@bib94], [@bib95], [@bib96] We previously demonstrated that DM1 mouse tissues with lowest adjacent methylation showed the most asymmetric DM1 replication fork profiles, that may alter repeat instability.[@bib92] In spermatocytes, an absence of methylation would permit binding of the CTCF paralog CTCFL, which may stabilize or induce contractions of large CTG tracts, just as CTCF binding appears to promote repeat stability in somatic tissues.[@bib92] Thus, for DM1-affected parents with larger CTG tracts, methylation may enhance the transmission to larger maternal expansions and shorter (possibly contracted) CTG sizes by fathers and thereby account, in part for the maternal bias of CDM1 transmission ([Figure 4](#fig4){ref-type="fig"}). A similar expansion and contraction bias occurs in the female and male gametes in fragile X.[@bib86], [@bib87] Thus, CpG methylation adjacent to the expanded DM1 allele in the oocytes may enhance large expansions.

Age-dependent and tissue-specific increases or decreases of methylation can arise, so it is important to know the stability of the methylation state we observe. An extensive analysis of numerous tissues from multiple DM1 fetal terminations and DM1-affected adult post-mortems found tissue-specific levels of CpG methylation.[@bib35] Methylation levels in some tissues decreased between fetuses and adults, suggesting a loss in methylation with age.[@bib35] Arguing against a loss or gain of CpG methylation with age, we have assessed upstream methylation and consistently detected its presence in maternally derived hESCs and CVSs and in 19 CDM1-affected individuals, many sampled as newborns and as late as at 33--50 years old ([Table S1](#mmc2){ref-type="supplementary-material"}). Thus, it is unlikely that age is reducing the levels of *DMPK* methylation in blood. Also, we have observed an absence of upstream methylation in paternally derived hESCs, CVSs, and most non-CDM1 individuals (regardless of inheritance) with ages of sampling spanning 16--63 years ([Table S1](#mmc2){ref-type="supplementary-material"}), which argues against an age dependency on the induction of upstream methylation. Thus, we conclude that the upstream *DMPK* methylation state is stable in blood. Epigenetic status between tissues, particularly those with varying clinical affectation, may relate to disease pathology.

The various methylation patterns may determine disease pathogenesis by altered gene expression. Model system data suggest that methylation-sensitive binding of CTCF at the DM1 locus may alter insulator activity or sense/anti-sense regulation (for extensive discussion see Filippova et al.,[@bib32] Cho et al.,[@bib33] and López Castel et al.[@bib35]). However, the "CTCF1 insulator" model for myotonic dystrophy has recently been questioned.[@bib37] Alternatively, it has been proposed that methylation of the DM1 locus can lead to altered chromatin packaging which may alter adjacent gene expression levels.[@bib37] Such mechanisms may vary dramatically between tissues showing different methylation patterns.[@bib35] Numerous studies have shown that CTG expansion in *DMPK* in DM1 individual cells downregulates expression of the adjacent *SIX5*/*DMAHP*.[@bib37], [@bib97], [@bib98], [@bib99], [@bib100] *SIX5* expression was shown to be further decreased with CpG methylation adjacent to the *DMPK* CTG expansion.[@bib37] Contradictory claims of up- and downregulation of *DMPK* expression have been reported in individual cells or tissues.[@bib99], [@bib101], [@bib102], [@bib103], [@bib104], [@bib105] These varying results may be due to the extraction-resistant nuclear foci of retained toxic-CUG *DMPK* RNA and/or varying tissues or clinical states.[@bib106], [@bib107] Recent analysis of two DM1 fetal terminations (12--33 weeks gestation) with CTG expansions (1,100 and 2,500 repeats), presumed to be CDM1 but without clinical assignment (it is not possible to diagnose CDM1 prenatally), revealed both sense and anti-sense *DMPK* transcripts in heart and brain.[@bib108] Abundant RNA foci for both sense and antisense transcripts were observed in heart, skeletal muscle, and brain as early as 12 weeks of gestation.[@bib108] Interestingly, expression of both strands was greater in heart than brain. It is possible that tissue-specific CpG methylation contributed to expression differences, but methylation status of the samples was not characterized. Our finding that differential methylation patterns exist in some CDM1 tissues[@bib35] opens new questions of how this may lead to the clinical state. For example, many DNA-binding transcription factors that are known to be sensitive to CpG methylation state can bind proximal to the CTG tract ([Table S5](#mmc1){ref-type="supplementary-material"}). Methylation-mediated misregulation of any one of these factors could contribute to the CDM1 phenotype.

The tight association of upstream methylation levels with CDM1 may provide some guidance to the difficulties hampering a definitive molecular prenatal determination of CDM1. Prenatal diagnosis of CDM1 is hampered by the poor association of repeat size to clinical presentation.[@bib4], [@bib5], [@bib23], [@bib24], [@bib25], [@bib27], [@bib28], [@bib29], [@bib43], [@bib109] Remarkably, for each of the three CVSs with paternally derived CTG expansions, methylation was present only downstream of the repeat, while for all four maternally transmitted CVSs, methylation was present both upstream and downstream of the repeat ([Tables 1](#tbl1){ref-type="table"} and [S1](#mmc2){ref-type="supplementary-material"}, [Figure 3](#fig3){ref-type="fig"}). This strong methylation pattern was also observed in the four hESC lines studied, with methylation upstream in all the maternally inherited lines, and no difference in methylation, based on inheritance, downstream of the CTG repeat ([Tables 1](#tbl1){ref-type="table"} and [S1](#mmc2){ref-type="supplementary-material"}, [Figure 3](#fig3){ref-type="fig"}). While none of these CVSs or hESCs studied herein led to a live birth, disallowing a clinical diagnosis of either DM1 or CDM1, it is interesting to speculate that the presence of methylation upstream of the CTG tract might serve as a molecular marker of CDM1.

In conclusion, our study shows a positive correlation between methylation, particularly upstream of the CTG repeat, and maternal inheritance in DM1-affected individuals. This correlation of upstream methylation and maternal inheritance of CDM1 is nearly absolute, while only 2 out of 21 classical DM1-affected individuals with maternal inheritance showed methylation in the same upstream region. This could indicate that methylation is an early step for development of CDM1 onset but that additional elements are necessary to develop the full-blown clinical picture. Our results argue against the CTG repeat size as the only and essential element, since in the literature and in our cohort there was a significant overlap in CTG repeat size between classical DM1- and CDM1-affected individuals. These results are corroborated in our DM1 hESC and CVSs of maternal origin, suggesting that methylation of an allele not methylated in the blood of the previous generation may occur quite early, possibly in the oocyte or embryo. Analysis of more hESC lines would reinforce our conclusions. Although the functional and tissue-specific consequences of methylation in DM1 are still unclear, this study firmly establishes that methylation upstream of the expanded *DMPK* CTG repeat occurs exclusively with maternal transmission and that it is somehow linked to the development of CDM1 (p = 2.89731 × 10^−9^) ([Tables S4](#mmc1){ref-type="supplementary-material"}F and S4G). Analysis of this large and comprehensive collection highlights CpG methylation as a potential prenatal indicator of CDM1 that is stronger than the repeat size itself. This may guide families faced with an affected pregnancy to reach a reproductive decision based on a more accurate prediction of the risk for CDM1 in their child.

Web Resources {#app3}
=============

BiQ Analyzer, <http://biq-analyzer.bioinf.mpi-inf.mpg.de>hPSC Registry, <https://hpscreg.eu/>OMIM, <http://www.omim.org/>

Supplemental Data {#app2}
=================

Document S1. Figures S1--S4 and Tables S2--S5Table S1. Complete Samples and Methylation DataIn this .xls searchable table, each category can be prioritized within a given clinical assignment. The table shows all DM1 samples analyzed in this study. For each sample, the family relation, gender, estimated repeat size, inheritance (M = maternal, p = paternal), disease form, age at sampling and methylation up- and downstream of the CTG repeat are listed. Samples numbers starting with a 'B' were collected at the University Hospital of Brussels, Belgium, numbers starting with a 'T' were collected in Saguenay, Quebec, Canada in collaboration with The Hospital for Sick Children in Toronto, and numbers starting with a 'P' were collected at the Motol University Hospital of Prague, Czech Republic. CVS = chorionic villus sample, N/A = not applicable, ? = unknown. Congenital DM1 (CDM1) showed prenatal, perinatal and neonatal symptoms; childhood/infantile DM1 showed onset after the first year during the first decade; juvenile DM1 showed onset between \>10 to 20 years of age; adult DM1 showed onset between \>20 to 40; late DM1 showed onset at \>40.Document S2. Article plus Supplemental Data
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![The DM1 Locus\
The DM1 locus, associated genes, and mapped functional regions are schematically shown. The CTG repeat is located in the 3′ UTR and *SIX* promoter, of which part of the DNA sequence is shown. The initiation sites for DNA replication in control,[@bib92], [@bib110], [@bib111] DM1 individuals cells,[@bib92], [@bib110] and DM1 transgenic mouse tissues[@bib92] of various ages are indicated. Primers used for PCR amplification of the CTCF binding sites are listed in [Table S1](#mmc2){ref-type="supplementary-material"} and indicated in the sequence in this figure (arrows). The CTCF binding sites up- and downstream of the repeat are in bold and italics.](gr1){#fig1}

![Pedigrees of Families A and G\
Pedigree symbols indicate non-affected individuals as hollow, non-CDM1 individuals are light gray, and congenital DM1-affected individuals are filled. Disease subtype is represented as Ch for childhood onset, A for adult onset, and Lo for late onset. For each family member, the number of expanded CTG repeats and methylation up- and downstream of the CTG repeat is shown. Repeat sizes in non-affected individuals are not expanded and thus denoted as "not exp." Methylated CpG sites upstream and downstream of the CTG repeat are schematized in bold; non-methylated sites are hollow. All DNA analyzed was extracted from blood. For all pedigrees assessed in this paper, please see [Figure S2](#mmc1){ref-type="supplementary-material"}.](gr2){#fig2}

![Methylation Up- and Downstream of the CTG Repeat in Classical and Congenital DM1-Affected Individuals, hESC Lines, and CVSs and Fetal Samples\
CpG methylation up- and downstream of the CTG repeat was analyzed in all samples. For the upstream site we analyzed 25 CpG sites (indicated by the vertical lines) of which five were part of a CTCF binding site (CTCF1; indicated by the gray box). For the downstream site we analyzed 11 CpG sites of which three were part of a CTCF binding site (CTCF2; indicated by the gray box).\
Methylation is summarized in plots for regions upstream and downstream of the repeats. One hundred epi-alleles were randomly selected for each sample. The methylation percentage per allele for the 25 upstream CpG sites and the 11 downstream CpG sites was calculated, and these were binned into four categories according to methylation levels (no methylation \[under threshold\], low methylation \[threshold to 35%\], medium methylation \[\>35%--65%\], and high methylation \[\>65%\]). Categories were established based on MPBS of more than 60 non-DM1 samples. In all control samples, more than 90% of the alleles had no methylation as defined in the [Material and Methods](#sec2){ref-type="sec"} section. The y axis plots the percentage of CpG site methylation per allele upstream or downstream of the repeats, while the different samples (including the repeat size of the largest allele of each sample) are plotted on the x axis. The bubble size reflects the number of alleles in a given sample that show this percentage of methylation. Maternally inherited DM1 alleles are colored in orange and paternally inherited DM1 alleles are colored in blue. DM1 samples with unknown inheritance are colored in black. Germline donors of the hESC lines are shown in gray.\
For the classical DM1-affected individuals, many samples showed no methylation. These samples were grouped according to inheritance (maternal, paternal, and unknown) and the number of affected individuals without methylation for each group is indicated above the bubble, while the CTG repeat size range is indicated below. CVS stands for chorionic villus sample. In this bubble plot, the fetal sample is also included and indicated with an asterisk (^∗^).\
For complete methylation details, please see lollipop diagrams in [Figure S4](#mmc1){ref-type="supplementary-material"} and [Table S3](#mmc1){ref-type="supplementary-material"}.](gr3){#fig3}

![CpG Methylation, Parent-of-Origin Effect for Maternal Biased Transmission of CDM1\
The region analyzed is schematized by a rectangle for the CTG repeat, a hollow dot for unmethylated sites, and a filled dot for methylated sites. The findings reported herein reveal that CpG methylation upstream of the expanded *DMPK* CTG repeat can account for the maternal-biased transmission of CDM1. While large CTG expansions are often associated with CDM1, this link is not absolute. Specific replication patterns affected by CpG methylation may allow for CTG contractions or expansions in male and female germline stem cells, thereby protecting affected fathers from transmitting CDM1 to their offspring. Furthermore, methylation levels and location may be selected against in the haploid spermatozoa by the reduced levels of SIX5 expression caused by methylation in its promoter (upstream of the CTG expansion). For details see [Discussion](#sec4){ref-type="sec"}.](gr4){#fig4}

###### 

Summarized Samples and Methylation Data

                                              **No. of Samples**   **Inheritance**   **No. of Samples**   **Disease Form**   **Methylation Upstream**   **Expansion Range (CTG)n-N**   **Methylation Downstream**
  ------------------------------------------- -------------------- ----------------- -------------------- ------------------ -------------------------- ------------------------------ ----------------------------
  Controls[a](#tblfn1){ref-type="table-fn"}   10                   N/A               10                                      0%                         non-affected                   0%
  DM1                                         59                   paternal          27                   late-onset         (0/1) 0%                   1,500                          (0/1) 0%
  adult                                       (0/22) 0%            57--2,800         (1/22) 4.8%                                                                                       
  juvenile                                    (0/3) 0%             500--1,600        (0/3) 0%                                                                                          
  childhood                                   (0/1) 0%             650               (0/1) 0%                                                                                          
  maternal                                    21                   late-onset        (0/1) 0%             140                (0/1) 0%                                                  
  adult                                       (0/12) 0%            90--1,400         (1/12) 8.3%                                                                                       
  juvenile                                    (0/2) 0%             500               (2/2) 100%                                                                                        
  childhood                                   (2/6) 33.3%          500--2,000        (4/6) 66.6%                                                                                       
  unknown                                     11                                     0%                   54--2,000          0%                                                        
  CDM1                                        20                   maternal          20                                      (19/20) 95%                1,100--4,700                   (19/20) 95%
  Sperm                                       1                    paternal          1                                       0%                         230                            0%
  hESCs                                       4                    paternal          2                                       0%                         140--500                       50%
  maternal                                    2                                      100%                 1,800--2,100       100%                                                      
  CVS                                         7                    paternal          3                                       0%                         250--1,100                     100%
  maternal                                    4                                      100%                 \<300--2,200       100%                                                      
  Fibroblasts                                 1                    paternal          1                                       0%                         200                            0%

The table shows grouped and summarized data for all DM1 samples analyzed in this study. For each sample, estimated repeat size, inheritance, disease form, and methylation up- and downstream of the CTG repeat are listed. DM1-affected individual classifications were according to previously published criteria.[@bib4], [@bib5], [@bib24], [@bib27], [@bib38], [@bib39], [@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46] Congenital DM1 (CDM1) showed prenatal, perinatal, and neonatal symptoms; childhood/infantile DM1 showed onset after the first year during the first decade; juvenile DM1 showed onset between 10 and 20 years of age; adult DM1 showed onset between 20 and 40 years of age; late DM1 showed onset at \>40 years of age.

Controls included a total of \>60 non-affected individuals for the threshold (see [Material and Methods](#sec2){ref-type="sec"}) and 13 sequenced samples, shown here. For details, please see complete data outlined in [Table S1](#mmc2){ref-type="supplementary-material"}.
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